Abstract. Colorectal cancer is one of the most aggressive cancers usually occurring in people above the age of 50 years. In the United States, colorectal cancer is the third most diagnosed cancer. The American Cancer Society has estimated 96,830 new cases of colon cancer and 40,000 new cases of rectal cancer in 2014 in the United States. According to the literature, up to 55% of colorectal cancer patients experience a recurrence within five years from the time of surgery. Relapse of colorectal cancer has a deep influence on the quality of patient life. Infrared (IR) spectroscopy has been widely used in medicine. It is a noninvasive, nondestructive technique that can detect changes in cells and tissues that are caused by different disorders, such as cancer. Abnormalities in the colonic crypts, which are not detectable using standard histopathological methods, could be determined using IR spectroscopic methods. The IR measurements were performed on formalin-fixed, paraffinembedded colorectal tissues from eight patients (one control, four local recurrences, three distant recurrences). A total of 128 crypts were measured. Our results showed the possibility of differentiating among control, local, and distant recurrence crypts with more than a 92% success rate using spectra measured from the crypts' middle sites.
Introduction
Colorectal cancer is the third most common cancer diagnosed in both men and women in United States. The American Cancer Society's most recent estimates for the number of colorectal cancer cases in the United States for 2013 are: 102,480 new cases for colon cancer, 40,340 new cases for rectal cancer, and 50,830 deaths. The estimated numbers for 2014 are: 96,830 new cases of colon cancer, 40,000 new cases of rectal cancer, causing 50,310 yearly deaths. 1, 2 It is estimated that over 40,000 members of the adult population in the UK are diagnosed with colorectal cancer each year. 3 Colorectal cancer, when detected in the early stages, is one of the most curable gastrointestinal cancers. Treatment is mainly surgical, during which the cancerous section of the bowel is removed. Surgery is followed by chemotherapy and radiotherapy, according to disease staging. 4 Full recovery after five years can theoretically be achieved if the tumor is completely removed before metastases evolve.
Relapse of colorectal cancer is high and has a deep influence on quality of life. 5 Three kinds of recurrence are diagnosed: (a) local recurrence (∼10%), (b) local recurrence with distant metastasis (∼10%), and (c) recurrence only by distant metastasis without local recurrence (∼80%). Because the margins of the removed cancerous lesion cannot always be determined very well macroscopically, surgeons may occasionally leave malignant cells during the surgery. The margins of the removed (diseased) colonic section may lead to 83% of the local recurrences. This shortcoming apparently arises due to the normal morphology often observed in the resection margins in standard pathology tests, although an early stage of abnormality may be present.
Colon cancer tumors that have high microvessel density tend to recur or spread. 6 The likelihood that rectal cancer will recur within five years of treatment is 11% for an original tumor smaller than 3 cm and 28% for an original tumor larger than 3 cm. 7 Colon and rectal cancers' recurrence also depends on the stage of the disease. 7 Researchers have confirmed that the more advanced the rectal cancer, the more likely it was to recur. The local recurrence rate of rectal cancer is double that of other parts of the colon. Cancer recurrence rates during a five-year period are as follows: 10% for stage 1 rectal cancer, 24% for stage 2 rectal cancer, and 41% for stage 3 rectal cancer. Thus, careful assignment of the patients into subgroups with different risks of recurrence is very important and enables physicians to more precisely focus their treatment strategies.
Previous studies demonstrate that up to 55% of rectal cancer patients experience a recurrence within five years from the time of surgery. 7, 8 The high variance between study results may derive from the variety of different cancer cases, original tumor size, the stage of the disease in which the surgery is performed, and the expertise of the surgical team. 7, 9 The leading cause of high local recurrences of rectal cancer (up to 83% in some studies), 10, 11 is attributed to the fact that the surgical margins of the removed cancerous colorectal part, although macroscopically "clean," may be microscopically involved with malignant cells. This is why surgery always takes safe margins (5 to 7 cm) away from the tumor limits when needed and feasible.
Colorectal cancer patients undergo follow-up routine monitoring of the colon for any relapse and for diagnosis of malignant polyps. This is accomplished using tests such as colonoscopy, flexible sigmoidoscopy, and CT colonoscopy and barium enema, or biochemical tests such as fecal immunochemical test or sDNA test. 12 A fecal occult blood test is used for screening the healthy population at risk. These protocols are time-consuming and sometimes uncomfortable for the patient. There is a clear need for a new methodology that can lead to early diagnosis of abnormality-one that would result in a better prognosis for patients as well as help the surgeon decide if the resection margin contain foci with recurrence and metastatic potential. Fourier transform infrared (FTIR) spectroscopy has emerged as a powerful tool for chemical analysis because of its ability to provide detailed information on the spatial distribution of chemical composition at the molecular level. 13 In applications requiring qualitative and quantitative analyses, the potential of IR spectroscopy to identify biochemical components via analysis of their vibrational spectrum fingerprint is unsurpassed. 13 The biochemical fingerprint of cells, tissues, and fluids that become altered in a diseased state can be detected using FTIR spectroscopy.
Applications of FTIR spectroscopy in the field of medicine, especially diagnosis, have shown encouraging trends. Various biomolecular components of the cell give rise to a characteristic spectrum that is rich in structural and functional aspects. [13] [14] [15] Distinctions between normal and neoplastic cells and tissues have been made by utilizing spectroscopic methods. 16, 17 FTIR microscopy (FTIR-MSP) has been shown to provide important clues to the changes in the biochemical composition of cells and tissues, especially during carcinogenesis. [18] [19] [20] [21] Many studies have shown that FTIR has a good potential as a diagnostic tool to evaluate different tissues from different organs, such as the colon and cervix, [22] [23] [24] which exhibit spectral variations in the mid-IR region, congruent with the biochemical variations in the tissue. These organs have a well-defined pattern of cell growth in their epithelia, resulting in established spectral variations that can be exploited for detecting changes during disease initiation, progression and remission.
Biological changes associated with abnormal cell proliferation are reliable markers for detecting the initiation of colorectal malignancy. 25, 26 Abnormal maturation and migration of colonic crypt cells indicate premalignant or malignant stages of cancer. 27 Thus, the detection of abnormal crypts becomes an integral part of the diagnosis and management of colorectal cancer 28, 29 and the potential of FTIR spectroscopy adds a translational dimension to the field of IR spectroscopy in biomedicine. 30 Our previous studies have shown that IR spectroscopy can detect the early development of diseases or cell transformation at a stage when the morphology is still normal. 31, 32 This important observation was named by our group as the "crypt model." 33, 34 Our research group has reached important milestones in the overall understanding of the complex changes that occur in single cells as well as tissues on the level of biochemical composition when a cell undergoes changes between normal and abnormal conditions. 19, 20, 22, 33 Our overall goal in this study is to evaluate the potential of IR optical technology as a tool for the objective detection and assessment of abnormality in the colon tissue, enabling a "correct" determination of the margins of the diseased part and thus reducing colorectal cancer recurrences.
Material and Methods
In this study we included 128 crypts from eight colorectal cancer patients. The biopsies used in this study were cut from blocks of the anastomosis area of colorectal sections of these patients. According to expert pathology review, these blocks have normal morphology. One patient (21 crypts) who has no recurrence will be used as control, four patients had local recurrence, 35 and three patients had distant recurrence 36 ( Table 1) .
Preparation of Samples
Formalin-fixed, paraffin-embedded colorectal tissues were retrieved from the histopathology files of Soroka University Medical Center (SUMC) in Beer-Sheva, Israel. The colorectal cancer patients have undergone surgery since 2007 and their records were retrieved with their consent, after the SUMC Institutional Review Helsinki Board approval. Two paraffin longitudinal tissue sections were cut from each biopsy; one was placed on an IR-transparent zinc-selenium slide, and the other on a glass slide. We followed the method proposed by Argov et. al. 19 for sample preparation and data acquisition, where sections 10-microns thick were used. The second slide was stained with hematoxylin and eosin for histology review by an expert pathologist. Three measurements were taken from each crypt, one from the bottom, the second from the middle, and the third from the top, as can be seen in Fig. 1 . The average size of the crypt in normal colonic mucosa is about 0.5 mm. 
FTIR Measurements
Data were collected in the transmission mode, as used in all our previous studies on colonic tissues, because this sampling method provides a good signal to noise ratio. Spectra were collected at 4-cm −1 spectral resolution from 600 to 4000 cm −1 . The measured spot has a circular shape with a diameter of 100 μm and it takes about one minute to acquire a spectrum of 128 scans. For the analysis, ranges from 600 to 1800 cm −1 and 2800 to 2930 cm −1 were used. Previous studies have shown that these spectral ranges are most informative in terms of detection of cell activity and proliferation.
Spectral Manipulation
Spectral manipulations of the measured samples were performed using OPUS 7. The spectra were bisected into high (2800 to 3200 cm −1 ) and low (900 to 1775 cm −1 ) regions, respectively. Both regions were subjected to baseline corrected ranges using concave rubber band methods (with 32 and 64 consecutive points for the low region, the high region, respectively, and five iterations in the manual mode). In addition, the spectra were normalized using vector normalization followed by offset correction.
Multivariate Analysis
Multivariate analysis is commonly used in problems of classification. Principle component analysis (PCA) and linear discriminant analysis (LDA) are extensively used as differentiation tools in issues involving biological samples. [37] [38] [39] [40] [41] [42] The PCA and LDA calculations were done using the software codes developed in-house, and based on MATLAB® (The MathWorks, Natick, Massachusetts) software.
PCA is used for dimensionality reduction of the measured spectra. Using PCA we find PCs with the highest variability and ignoring the direction with low variability in order to improve the recognition. In the PCA procedure, the data is represented by only a partial set of the new basis vector (in the present work we used PC1-PCK, with 1 ≤ K ≤ 8). Moreover, many experiments show that in a significant number of problems the variability is correlated with the reparability, so that properly choosing K will lead to a better characterization of the sample.
The LDA calculations followed the PCA as a linear classifier. 43 The assumptions using LDA are that the probability density of each class is assumed to be Gaussian and centered around the mean and the covariance matrix is the same for all classes.
In the leave one out (LOO) algorithm, the training set contained all but one of the measured spectra. The category of the left-out spectrum was then calculated and compared to the known category. This procedure was repeated many times, but in each repetition a different measured spectrum was left out. The LOO algorithm is a good method when the number of points is relatively small, as it uses all the points except one for training. In the LOO algorithm all the data points are included, both for training and validation, exactly in the same manner; therefore randomness does not play a role.
Results
Our study is based on 128 crypts from 12 biopsies; all were taken from resection margins of eight colorectal adenocarcinoma patients. The resection margins were identified as normal by standard histology methods. Figure 2 shows the typical IR control absorption spectra measured from three different sites along the height of the longitudinal section of the same cryptbase, middle, and top-as shown in Fig. 1 .
These spectra are displayed in the full mid-IR region before manipulation. In the 400 to 4000 cm −1 mid-IR region, the main features of the spectra are due to the organic molecules such as phospholipids, proteins, lipids, carbohydrates, and nucleic acids. The absorption bands with centroids at 2967, 2926, and 2859 cm −1 are due to CH 2 and CH 3 symmetric and antisymmetric vibrations 44 and at 1744 cm −1 they are due to the phospholipids and C═O ester vibration. 45 Amide I (C═O stretching and C─N stretching vibrations at 1648 cm −1 ), amide II (C─N stretching and a CNH bending vibration at 1553 cm −1 ), and amide III (1252 cm −1 ) bands are due to proteins. [46] [47] [48] [49] The peaks at 1241 and 1086 cm −1 are attributed to PO − 2 ionized antisymmetric and symmetric stretching, respectively. 50 The lower range of the spectrum, at 800 to 1185 cm −1 , reflects mainly carbohydrates. CH 2 , CH 3 , P═O functional groups of proteins, lipids, and phosphate compounds are the main attributers to the absorption bands in the 1185 to 1485 cm −1 range. Figure 3 shows the absorption spectra from three different crypts in the 950 to 1775 cm −1 range after spectral manipulation, baseline correction, bisecting, and vector normalization.
The spectra were measured from bottom, middle, and top sites of the same crypt, respectively: (a) the same control crypt shown in Fig. 2, (b) crypt from a section belonging to a patient who experienced a local recurrence, and (c) crypt from section belonging to a patient who experienced a distant recurrence.
In all the measured crypts, we noticed that carbohydrates and nucleic acids absorption bands in the 900 to 1185 cm −1 range have higher absorption intensities for the middle sites when compared to the top and bottom spectra measured from the same crypt. There was no trend in the other sites; in some cases, the bottom was higher and in other cases the top was higher, without regard to the specific crypt type. Our main goal in this study was to classify the investigated crypts into three categories-control, local recurrence, and distant recurrence, based on their IR absorption spectra. We tried to differentiate among the three categories using spectra measured from bottom, middle, and top sites of the crypts. When we plotted the spectra measured from all 128 crypts from the same sites, the spectra were similar and overlapped, making it difficult to classify them using simple methods such as comparison of specific absorbance bands intensities, k-means, and clustering; thus, we used PCA followed by LDA for the classification goal.
wWe used PCA for dimensionality reduction. In this study the dimensions were reduced from hundreds to just a few. In PCA the data is expressed by a few points in such a way that most of the information in the measured data is preserved. The maximum dimension used in this study was eight. Twodimensional plots of PC components were tried in order to check the PCA potential in differentiating between the various categories of the crypts. Figure 4 shows the results of PCA performed in the low wavenumber range of 900 to 1775 cm −1 for the classifications in the three groups. In this figure, we show the projection of the data on specific planes; the classification was done in couples. In Fig. 4(a) , the data was classified into two groups, control and abnormal, the latter containing the crypts from local and distant recurrence patients. In Fig. 4(b) , the classification was performed between the control and local recurrence crypts data. Figure 4 (c) makes the same comparison using distant instead of local crypts data. Figure 4(d) shows the classification comparisons between local and distance recurrence crypts.
We are using PCA to look for a new basis called loadings or PCs, and each spectrum is represented as a linear combination of its basis. The variances among the classes is captured by the different PCs. PC1 has the largest variance reflected by the ratio of its eigenvalue over the sum of all the eigenvalues of all the PCs ½ðeigen value 1Þ∕ðsum of all eigen valuesÞ × 100.
As can be seen, there is a clear trend of clustering in the four plots, but nevertheless, some of the data points of the different groups are mixed. In order to improve the classification results we applied LDA to the data after PCA calculation. LDA is a classifier that is applied to the data for classification purposes. The LDA separation rule suggests a larger variance between classes and a small variance within classes.
LDA calculations were applied to three different regionsthe low region (950 to 1775 cm −1 ), the high region (2800 to 
cm
−1 ), and the combined regions (2800 to 3200 cm −1 , 950 to 1775 cm −1 ), in order to evaluate the classification rates of the spectra into the control, local recurrence, and distant recurrence groups.
For this goal in our spectra analyses, after PCA we used LDA-a statistical multivariate supervised method, with the LOO approach for validation. We repeated this algorithm many times (in many experiments), using different ranges and different sites of the spectra. LDA determines the best differentiation of the groups for each number of PCs, assigning the errors in identification of the spectra to the correct group. These errors are displayed as a function of PC numbers. As examples, we plotted two Figs. 5(a) and 5(b). Figure 5(a) shows the percentage of identification errors versus PC number, with the calculation based on the low wavenumber range 950 to 1775 cm −1 . The same calculations were performed three times-in the first we used data from the bottom sites of the crypts, in the second we used data from the middle sites, and in the third we used data from the top sites.
We tried two different strategies of classification. In the first strategy, we required simultaneous classification of the spectra into three categories-control, local recurrence, and distant recurrence [ Fig. 5(b) ]. In the second strategy, the classification was done in two stages. In stage 1 the data was classified as control and abnormal, while the abnormal contains both local and distant recurrence crypts [Fig 5(a) ]. In stage 2, the abnormal crypts were classified into local recurrence and distant recurrence crypts (data not shown). As can be seen from Figs. 5(a) and 5(b), the middle and bottom sites gave better results than the top. The second strategy gave better results than the first strategy, as reflected in the lower errors achieved using the first five PCs. Using the first strategy, the error was more than 20%, while using the second strategy with the same PCs number the error was less than 7%. We used a specific number of PCs to generate confusion matrixes, which were used to calculate the errors associated with each experiment. In each matrix we listed the success and error rates of the classification procedure. Table 2 shows the confusion matrices for several experiments for different classifications employing different PCs. We tried the same analysis for the high wavenumber region but the results were poor. In addition, using the combined region also did not improve the results achieved in the low wavenumber region. Thus, we chose to introduce the classification results based on the low wavenumber region alone.
In order to make some speculation about biological changes in the epithelial cells in the colonic tissue in three biological systems, the LDA analysis was performed on three different ranges of the 950 to 1775 cm −1 low region-range I (950 to 1350 cm −1 ), range II (1350 to 1480 cm −1 ), and range III (1480 to 1775 cm −1 ). The first range is dominated by carbohydrates and nucleic acids, the second range is dominated by lipids and proteins, and the third range is dominated mainly by the protein absorption bands. The calculations were performed on the spectra measured from the middle sites of the crypts. The error rates of the classification results, together with the number of PCs used in each calculation, are summarized in Table 3 .
In our analyses, every spectrum was treated as individual case, but many of them are from the same biopsy. Thus, we repeated our LDA analysis using a "voting procedure." In this procedure, from each class of the same tissue, several FTIR spectra were obtained from different crypts. The category of a given tissue was determined by a voting procedure: the training set is taken from all the other tissues. Then we pick each spectrum of the tissue, one by one, and determine its category. The tissue's category is chosen as the one that was predicted the maximal number of times (hence the name "voting"). Using the voting procedure, an 83.3% success rate was achieved.
Discussion
Relapse of colorectal cancer causes great burdens, both mentally and physically, with inconvenience induced by the need for long treatments and follow-up. Determining safe surgical margins of The data was classified into two classes, control and abnormal (with local and distance recurrence added together). The identification was estimated using linear discriminant analysis calculations, applied to the data after PCA calculations were performed. For both plots, the calculation was based on spectra measured from bottom (green), middle (red), and top (blue) sites of the crypts included in this study. Table 2 Successful identification of the colorectal crypts using linear discriminant analysis (LDA) with the leave one out (LOO) approach. In (a), the identifications were obtained using LDA calculations and the LOO approach for the middle sites spectra, with six PCs. In (b), the identifications were obtained using the middle site spectra with one PC. In (c), the identifications were obtained using the bottom spectra with five PCs. In (d), the identifications were obtained using the middle sites spectra with one PC. In (e), the identifications were obtained using middle sites spectra with eight PCs. the removed cancerous lesion during colorectal surgery is of great importance, because it will hopefully minimize both the local recurrence and subsequently, any distant cancer disease.
As a consequence, it may improve patient survival and quality of life, and may also reduce a patient's distress. The main purpose of this interdisciplinary study is to evaluate the potential of FTIR spectroscopy in tandem with multivariate analysis to detect and predict whether the patient will experience colorectal cancer recurrence based on colorectal tissue taken during surgery from the margins of the removed diseased part of the colon. The promising classification results obtained in this study are very important in this direction. Enlarging the database and the number of patients and intensive studies in this field may lead, in the future, to helping surgeons detect and assess the existence of free micrometastasis margins of the removed section of the colon in order to reduce the recurrence rate. The final goal of the project is to analyze frozen tissue sections during surgery and this initial study was based on formalin-fixed, paraffin-embedded tissue samples. It is important to emphasize that all the samples have passed the same procedure of formalin fixation and deparaffinization before measurements. This procedure may influence the lipid signatures in the higher wave number region as previously shown. 33 However, all our samples have passed the same procedure of preparation and our analysis was based on all of the wavenumbers of the spectrum where proteins, carbohydrates, and other molecules do exist. These molecules are not influenced by the preparation procedure. Thus, we believe that our results are good and similar to what could be achieved using frozen tissues. Our logical next step should be to perform the analysis on FTIR spectra obtained from frozen tissues. Thus, we may be able to give the surgeon a quick and safe enough FTIR spectrum analysis report during the surgery to decide about the level of resection margins.
The PCs, calculated using PCA, are arranged according to their weights in generating the calculated spectra as linear combinations of these PCs. PC1 has the largest weight; the second PC (PC2), has the largest weight after PC1, and so on. The weights of these PCs are determined by their eigenvalues. Based on the characters of these PCs, it is possible to suggest a correlation between the differences among the various classes and the number of PCs used in order to classify them. In other words, it is possible to suggest that the largest spectral differences between the categories are in those sites where the differentiation is the best, according to a lower number of PCs. According to this suggestion, the best results of the classification were obtained from the middle site spectra, as can be seen from Fig. 5 and Table 2 . These results can be explained due to the biochemical changes along the crypt height. The human large intestinal surface consists of small crypts having epithelial cells secreting mucosa at a rate of about three liters per day. According to the "crypt model," the cells in the normal crypt have a high turnover rate, with a life cycle of approximately 48 h. The epithelial cells in a normal crypt continuously undergo mitosis at the bottom of the crypt, move gradually upward along the basement membrane, and are finally disposed into the intestinal lumen. 27, [51] [52] [53] In the middle of the crypts the epithelial cells are mature and are different relative to the bottom and top crypt cells. Thus, the maturation and migration of cells in the colonic crypt hold important clues to the origin of the premalignant and malignant stages of cancer. 25 Abnormal cell proliferation and biological changes have been known to be an indicator of the initiation of malignancy. 35, 54 Studies about the growth pattern of the crypts have been undertaken to trace abnormal proliferation. Although certain markers have been used to identify abnormal cell proliferation 51, 52, 54 the actual maturation of the crypt in terms of total biochemical changes has not been established. The detection of abnormal crypts is essential for the diagnosis of the spread of colorectal cancer and its effective management. 16, 36 In our previous studies, we have shown the possibility of using FTIR-MSP to help identify abnormal crypt proliferation in histologically normal biopsies. 30, 34 This abnormal growth cannot yet be observed by expert pathologists (based on cell morphology), but may develop later into premalignant and malignant stages.
As can be seen from Fig. 3 , in all the crypts, without exception, the middle sites spectra have higher absorption bands in the carbohydrate region of 900 to 1185 cm −1 .
It is important to outline that there are significant advantages to investigating the crypts using longitudinal sections over transverse sections, as can be seen from Fig. 3 . There are clear differences in the spectra measured from different sites along the height of the crypt. Thus, using transverse cross, the changes due to different sites along the height of the crypt may interrupt and confuse the spectral changes due to different categories such as normal and abnormal.
A correct classification was recorded when the decision method was correlated with the patient's medical files. Our preliminary results showed a good agreement with the relapse of colorectal malignancy, as appeared in the medical files (Fig. 5) . The classification procedure was done with two strategies. The second strategy was better than the first, as reflected in Fig. 5 .
Using PCA calculations the PCs were set in descending order relative to their weight, as reflected in their eigenvalues. Thus, PC1 has the largest weight because it has the largest eigenvalue. As can be seen from Figs. 5(a) and 5(b), the differentiation based on the middle sites using the first five PCs has the lowest number of errors. This may lead to speculation that major changes may have occurred in the epithelial cells at the middle sites of the crypt. It was possible to differentiate between control and distant recurrence crypts with 81% sensitivity and 100% specificity using the first PC only [ Table 2 (c)], while we needed five PCs to achieve 90% sensitivity and 100% specificity [Table 2(b)]. We may speculate that the differences between distant recurrent crypts and normal crypts are larger than the differences between the control and local recurrences. The differences between the local and the distant crypts are minor, but our system is still capable of differentiating between them. Using the middle sites' spectra and eight PCs, it was possible to achieve 92.5% accuracy, calculated as the diagonal sum of [ Table 2 (d)] divided by the total number of spectra.
In choosing the number of PCs in this study, we considered the complexity of the problem in addition to the number of classes to be classified.
PCA enables the use of vectors for features that have a lower dimension while preserving the classification performance. This dimensionality reduction has many advantages because it enables us to simplify the classifier and to improve the processing time. 55 The choice of the number of PCs depends on the number of classes and the level of classification. In this study, the investigated crypts were identified "morphologically" as normal crypts. This identification was made by an experienced surgeon during surgery. Their spectra are similar and overlap, with minute differences in intensities. Thus the classification of these spectra into different classes requires the utilization of advanced mathematical and statistical tools to differentiate among them with high accuracy. We, therefore, used the first eight PCs for the classification procedure.
LOO is an approach that is extensively explored in machine learning. This approach was used with LDA calculation for crossvalidation using, each time, different sets for prediction so that the test sets would be statistically independent. This approach is commonly used to estimate the error in a small sized population as well as ensuring the validation of results. 56, 57 Examining the LDA classification results listed in Table 3 , using the LOO algorithm for all the ranges in the low region, using PC1 (the highest variance), we observe several conclusions. (1) The changes between the different couples of the three categories are spread in all the cell components. It was possible to differentiate between the different couples with good accuracy. (2) The spectral differences between control crypts and distant crypts are the largest. Using the 1350 to 1480 cm −1 and 1480 to 1775 cm −1 ranges, it was possible to differentiate between control and distant sites with more than a 93% success rate. (3) The classification errors are high when differentiating between local recurrence and distant recurrence crypts, relative to the other couples. Thus, the biological changes are minor and we need more PCs to achieve good classification results. Moreover, the largest changes between these crypts are in the amide I and II bands, resulting from proteins absorption bands. This is also true for control and local recurrence crypts [ Table 3 (b)], where amide I and amide II bands gave the best differentiation results. (4) Range I (950 to 1350 cm −1 ) gave the lowest classification results for all four different pairs. Although the middle sites gave the highest absorbance in the same crypt, for the control, local, and distant crypts (Fig. 2) , when comparing the different classes, this range did not show a good differentiation trend. Using the "voting" procedure in LDA calculation with the first three PC's, an 83.9%, success rate was achieved. It is important to mention that using this procedure our calculation was based on 12 biopsies while we have 128 crypts. We believe that this is the main reason for the success reduction and that using a higher number of biopsies can improve our success rate.
Typically, three measurements are made on a crypt at the base, middle and apex and about ten crypts were measured per histological section. It takes about 30 min for a quick diagnosis. In frozen sections no staining is involved, alleviating the need for extra processing time. The extra time required will involve transport of the tissue from the OT to the laboratory, time taken for preparing frozen section and data analysis which should be in the range of another 30 min. Therefore, within one hour, while the patient is still under surgical procedure a quick diagnosis can be made and the results conveyed back to the surgeon.
Our method is objective and is fully computerized, fast, and simple to use. As a consequence, it may be possible to develop the method for frozen tissue sections. The success of this method using frozen sections may initiate the process of applying the method on site during colorectal surgery in order to assist the surgeon in determining the safe surgical margins of the removed cancerous lesion.
Conclusions
It was possible to differentiate between control, local, and distance recurrence crypts based on their IR absorption spectra and using multivariate analysis PCA followed by LDA. The longitudinal sections of the crypts contain viable information due to their unique biological structure. Such information does not exist in the transverse sections.
Enlarging the database to include more crypts from the three categories will enable the use of more sophisticated nonlinear classifiers, which may improve the results and achieve even higher success rates.
